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Clinical PerspectiveWhat Is New?Among 839 patients with aortic stenosis and nondialysis chronic kidney disease, the presence of AS was associated with higher cardiac and all‐cause mortality than was found in matched controls with chronic kidney disease.Although lower aortic valve area was associated with increased all‐cause and cardiac mortality in these patients, lower estimated glomerular filtration rate was associated with increased all‐cause but not cardiac mortality.Aortic valve replacement (AVR) was associated with improved survival, and 60% of patients undergoing AVR had improvement in renal function after AVR.What Are the Clinical Implications?The presence of chronic kidney disease in patients with aortic stenosis should not by itself lead to lower referral to AVR, as these patients have improved survival and may have improvements in renal function after AVR.Additional studies are needed among patients with aortic stenosis and moderate to severe chronic kidney disease to help us elucidate optimal clinical follow‐up, testing, and benefit from procedures such as AVR.

Introduction {#jah33799-sec-0008}
============

Aortic stenosis (AS) is the most common valvular disease in developed countries and affects 2% to 4% of adults.[1](#jah33799-bib-0001){ref-type="ref"} The disease progresses slowly over many years, ranging from asymptomatic mild thickening of the valve without significant narrowing (aortic sclerosis) to severe symptomatic AS.[2](#jah33799-bib-0002){ref-type="ref"}, [3](#jah33799-bib-0003){ref-type="ref"} Mortality in earlier stages of AS is similar to an age‐ and sex‐matched general population; however, it increases progressively with increasing severity of AS, to \>60% at 2 years once the patient develops symptomatic severe AS.[4](#jah33799-bib-0004){ref-type="ref"}, [5](#jah33799-bib-0005){ref-type="ref"}, [6](#jah33799-bib-0006){ref-type="ref"}

Chronic kidney disease (CKD) is a widely prevalent comorbid disease affecting ≈8% of US adults.[7](#jah33799-bib-0007){ref-type="ref"} CKD is also associated with a greater risk of major cardiovascular events and related mortality that increases to \>3 times that of the general population as kidney function continues to decline.[8](#jah33799-bib-0008){ref-type="ref"} Earlier stages of both CKD and end‐stage renal disease are associated with increased coronary and aortic and mitral valvular calcification[9](#jah33799-bib-0009){ref-type="ref"}, [10](#jah33799-bib-0010){ref-type="ref"}, [11](#jah33799-bib-0011){ref-type="ref"} owing to increased parathyroid hormone, calcium--phosphate products, and excess 1,25 hydroxy vitamin D among other metabolic dysregulations.[9](#jah33799-bib-0009){ref-type="ref"} Valve calcification is also associated with a faster rate of progression of AS and worse outcomes.[12](#jah33799-bib-0012){ref-type="ref"} Dialysis patients with concomitant AS have a higher rate of progression[13](#jah33799-bib-0013){ref-type="ref"}, [14](#jah33799-bib-0014){ref-type="ref"}, [15](#jah33799-bib-0015){ref-type="ref"} and cardiovascular and all‐cause mortality[16](#jah33799-bib-0016){ref-type="ref"} compared with patients with normal renal function. However, information is limited regarding history of progression and long‐term outcomes in AS patients who have less severe forms of CKD and reduced estimated glomerular filtration rate (eGFR) but are not yet on maintenance dialysis.[17](#jah33799-bib-0017){ref-type="ref"}

CKD is present in up to 50% of all patients with AS[18](#jah33799-bib-0018){ref-type="ref"} and is one of the factors associated with an increased rate of progression of AS.[19](#jah33799-bib-0019){ref-type="ref"} CKD is also associated with increased mortality[20](#jah33799-bib-0020){ref-type="ref"} and poor outcomes after surgical aortic valve replacement (SAVR) or transcatheter aortic valve replacement (TAVR).[21](#jah33799-bib-0021){ref-type="ref"}, [22](#jah33799-bib-0022){ref-type="ref"}, [23](#jah33799-bib-0023){ref-type="ref"}, [24](#jah33799-bib-0024){ref-type="ref"}, [25](#jah33799-bib-0025){ref-type="ref"} However, some of these studies are limited by inclusion of a very small number of patients with CKD and do not evaluate the independent association of outcomes with progressively decreasing eGFR. In the present study, we aimed to assess long‐term cardiovascular and all‐cause mortality outcomes of AS in a large electronic health record--based CKD registry of patients with CKD stages 3 to 4 before initiation of dialysis. Furthermore, we sought to identify factors that independently contribute to long‐term poor outcomes in this population.

Methods {#jah33799-sec-0009}
=======

Study Population {#jah33799-sec-0010}
----------------

This was a cohort study of all patients aged ≥18 years with at least mild AS and CKD stages 3 to 4 who were seen at our institution from 2005 to 2012. We used our electronic health record--based CKD registry to identify our patients; development and validation of the registry have been described in detail in a prior publication.[26](#jah33799-bib-0026){ref-type="ref"} Patients were included in the CKD registry once they met the following criteria: (1) had at least 1 face‐to‐face outpatient encounter with a Cleveland Clinic healthcare provider and (2) had at least ≥2 eGFRs \<60 mL/min per 1.73 m^2^ that were at least 90 days apart (using the Chronic Kidney Disease Epidemiology Collaboration \[CKD‐EPI\] equation),[27](#jah33799-bib-0027){ref-type="ref"}, [28](#jah33799-bib-0028){ref-type="ref"} with the second being 15 to 59.9 mL/min per 1.73 m^2^. Patients who were known to have end‐stage renal disease needing dialysis or who had a renal transplant before CKD diagnosis were excluded.

Our study included patients with AS identified on an initial transthoracic echocardiogram within 1 year before or any time after the date of the second eGFR \<60 mL/min per m^2^. We excluded patients with a moderate or higher degree of concomitant valvular disease (aortic regurgitation, mitral stenosis or regurgitation, pulmonic stenosis or regurgitation, tricuspid stenosis or regurgitation; n=305), prior history of aortic valvuloplasty or aortic valve replacement (AVR; n=118), or history of heart transplant (n=4) and those with left ventricular ejection fraction (LVEF) \<50% (n=189). Nonresidents of Ohio or patients with missing Social Security numbers were also excluded from mortality analyses (Figure [1](#jah33799-fig-0001){ref-type="fig"}).

![Flow diagram of study population. AS indicates aortic stenosis; AVR, aortic valve replacement; CKD, chronic kidney disease; EF, ejection fraction; eGFR, estimated glomerular filtration rate; SSN, Social Security number; tx, transplant.](JAH3-8-e009980-g001){#jah33799-fig-0001}

The control group included patients without documented AS but with CKD stages 3 to 4 from the same CKD registry. Control patients with more than mild mitral, aortic, tricuspid, or pulmonic stenosis or regurgitation were excluded. The propensity‐matching criteria for cases and controls are described in detail below.

The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure. The study was approved by the institutional review board at the Cleveland Clinic, and the requirement of informed consent was waived.

Baseline Demographic and Clinical Characteristics {#jah33799-sec-0011}
-------------------------------------------------

Baseline demographics and clinical characteristics (risk factors, medications, and laboratory parameters) using prespecified validated definitions[26](#jah33799-bib-0026){ref-type="ref"} were extracted from electronic health records. Symptom presence at onset was determined by manual chart review, and a 10% sample was cross‐validated with 100% accuracy (K.K.P. and S.Y.S.). Patients were considered symptomatic if they had angina, dyspnea, syncope, presyncope, or congestive heart failure determined by the evaluating physician to be secondary to AS. Fatigue, being nonspecific, was not included unless specified by the evaluating physician.

Renal Function {#jah33799-sec-0012}
--------------

For eGFR calculation, we applied the CKD‐EPI equation to patients who had 2 outpatient serum creatinine levels separated by at least 90 days in our health system.[27](#jah33799-bib-0027){ref-type="ref"} All creatinine measurements were performed by standardized isotope dilution mass spectrometry assays using the modified kinetic Jaffe reaction on a Hitachi D2400 Modular Chemistry Analyzer (Roche Diagnostics) in our laboratory. CKD was defined according to Kidney Disease: Improving Global Outcomes guidelines as follows: stage 3 CKD (eGFR 30--50 mL/min per 1.73 m^2^; subdivided into stage 3a eGFR 45--59 mL/min per 1.73 m^2^ and stage 3b 30--44 mL/min per 1.73 m^2^), and stage 4 CKD (eGFR 15--29 mL/min per 1.73 m^2^).[29](#jah33799-bib-0029){ref-type="ref"}

Echocardiographic Data {#jah33799-sec-0013}
----------------------

All patients underwent a comprehensive transthoracic echocardiographic evaluation using commercial instruments during the study. Peak aortic jet velocity was obtained using continuous‐wave Doppler in multiple transducer positions. Peak and mean gradients across the aortic valve were calculated using a modified Bernoulli equation, and aortic valve area (AVA) was calculated using the continuity equation. Left ventricular (LV) mass, LV dimensions, left atrial size, right ventricular systolic pressure (RVSP), and LVEF were calculated according to standardized guidelines.[30](#jah33799-bib-0030){ref-type="ref"}, [31](#jah33799-bib-0031){ref-type="ref"} AS was classified as (1) *mild* (AVA \>1.5 cm^2^), (2) *moderate* (AVA 1--1.5 cm^2^), or (3) *severe* (AVA ≤1 cm^2^), subclassified as *symptomatic* or *asymptomatic severe* based on the presence of symptoms at the time of the echocardiogram.[4](#jah33799-bib-0004){ref-type="ref"}, [30](#jah33799-bib-0030){ref-type="ref"}

Follow‐up and Outcomes {#jah33799-sec-0014}
----------------------

The inception date for time‐to‐event models was the date of the initial echocardiogram showing AS or the date of the second eGFR \<60 mL/min per 1.73 m^2^, whichever came later. We performed chart reviews (K.K.P. and S.Y.S.) to extract the indication for and date of AVR (surgical or transcatheter). The primary end point was all‐cause mortality, and the secondary end point was cardiovascular mortality. Date of death and nature of death (cardiac versus noncardiac) were determined from the Ohio Department of Health mortality files and review of electronic health records. Last date of follow‐up was December 31, 2013, or date of death.

Statistical Analysis {#jah33799-sec-0015}
--------------------

Continuous variables are expressed as mean (SD) or median (interquartile range) for skewed distributions, and categorical variables are expressed as percentages. For comparison of survival among patients with CKD and AS and patients with CKD in absence of AS or other significant valvular disease, propensity‐score and greedy matching was used to match CKD patients with AS to potential controls with CKD but without AS. The propensity score included age, sex, race, eGFR, year of echocardiogram, and LVEF. Patient characteristics were compared before and after the match, using standardized differences (Table [S1](#jah33799-sup-0001){ref-type="supplementary-material"}). Kaplan--Meier survival curves and the log‐rank test were used to compare all‐cause and cardiovascular survival of patients with CKD and AS and matched patients with CKD without AS.

Baseline characteristics and echocardiographic parameters were compared across groups of mild, moderate, severe asymptomatic, and severe symptomatic AS using ANOVA or the Kruskal--Wallis test for continuous variables and the Pearson χ^2^ test for categorical variables. Overall survival was compared among the different stages of severity of AS within our study population using Kaplan--Meier survival curves. Of the patients undergoing AVR on follow‐up, we calculated the change in eGFR from before the AVR/TAVR to the first follow‐up eGFR in months 1 to 12 after AVR. We also report the percentage of patients with any eGFR increase and the change per month of follow‐up. Cardiac and other‐cause mortality was evaluated across AS severity groups using cumulative incidence functions for competing risks (Fine and Gray models). Cox proportional hazards analysis was used to evaluate factors associated with all‐cause mortality (primary outcome), and competing‐risks regression analysis was used to evaluate factors associated with cardiovascular mortality (secondary outcome), with other causes of death as a competing risk. A combination of demographic, laboratory, and clinical variables (Table [S2](#jah33799-sup-0001){ref-type="supplementary-material"}) decided a priori with a plausible relationship to all‐cause mortality were tested in univariate models. Univariable Cox all‐cause mortality and competing‐risks analyses were censored at AVR but not multivariable Cox analysis. AVR was included as a time‐dependent covariate in the multivariable Cox model of all‐cause survival, along with age, sex, race, eGFR, smoking, diabetes mellitus, coronary artery disease, congestive heart failure, cerebrovascular disease, peripheral vascular disease, hyperlipidemia, hypertension, malignancy, angiotensin‐converting enzyme inhibitor or angiotensin receptor blocker, β‐blocker, diuretic, vasodilator, hemoglobin, albumin, calcium, log alkaline phosphatase, AVA, RVSP, ejection fraction, indexed LV end‐diastolic diameter, indexed LV mass, indexed left atrial diameter, degree of diastolic dysfunction, and presence of symptoms. The multivariable competing risks regression model of cardiovascular mortality included age, sex, race, eGFR, diabetes mellitus, coronary artery disease, hypertension, malignancy, hemoglobin, calcium, log alkaline phosphatase, AVA, RVSP, ejection fraction, indexed LV end‐diastolic diameter, indexed LV mass, indexed left atrial diameter, degree of diastolic dysfunction, and presence of symptoms.

The following variables were missing for a percentage of patients: body mass index for 3%, hemoglobin for 15%, albumin for 14%, calcium for 1%, alkaline phosphatase for 14%, AVA for 3%, RVSP for 14%, indexed LV end‐diastolic diameter for 9%, indexed LV mass for 10%, indexed left atrial size for 16%, and degree of diastolic dysfunction for 20%. We used multiple imputations (SAS proc MI) with the Markov chain Monte Carlo method and a single chain to impute 5 data sets. All multivariable Cox models were performed on each of the 5 imputed data sets, and parameter estimates were combined using SAS MIanalyze. All analyses were conducted using Linux SAS v9.4 (SAS Institute), and graphs were created using R 3.3.2 (R Foundation for Statistical Computing) and the cmprsk package.

Results {#jah33799-sec-0016}
=======

Of 11 183 patients with CKD stages 3 to 4 with an echocardiogram in our registry who were Ohio residents, 1455 patients had concomitant AS. After excluding 606 patients according to the exclusion criteria defined earlier (Figure [1](#jah33799-fig-0001){ref-type="fig"}), 839 patients with AS and CKD were included in the final study cohort. The mean age of the population was 78 years, half (50.8%) were men, and 91% were white. At baseline, 511 (60.9%), 252 (30%), and 76 (9.1%) of patients had CKD stages 3a, 3b, and 4, respectively. In our study, 22% (n=185) had mild AS, 42% (n=355) had moderate AS, 28% (n=233) had asymptomatic severe AS, and 8% (n=66) had severe AS with symptoms. Hypertension was present in 93.4%, 28.2% had diabetes mellitus, 37.1% had coronary artery disease, and 27.4% of patients had a history of malignancy (Table [1](#jah33799-tbl-0001){ref-type="table"}). Echocardiographic characteristics of the study population are presented in Table [2](#jah33799-tbl-0002){ref-type="table"}.

###### 

Baseline Characteristics of the Study Population

  Characteristic                                                   Overall (N=839)      Mild AS (n=185)      Moderate AS (n=355)   Severe Asymptomatic AS (n=233)   Severe Symptomatic AS (n=66)   *P* Value
  ---------------------------------------------------------------- -------------------- -------------------- --------------------- -------------------------------- ------------------------------ ----------------------------------------------
  Age, y                                                           78.3±8.8             75.9±10.0            78.0±8.1              80.0±8.5                         80.9±8.3                       \<0.001
  Male                                                             426 (50.8)           104 (56.2)           184 (51.8)            112 (48.1)                       26 (39.4)                      0.092
  Black                                                            70 (8.3)             16 (8.6)             34 (9.6)              14 (6.0)                         6 (9.1)                        0.486
  Body mass index, kg/m^2^                                         29.7±6.6             30.7±7.1             29.7±6.4              28.8±6.3                         29.1±6.9                       0.029
  Systolic blood pressure, mm Hg                                   133.0±21.3           134.6±22.2           132.9±21.3            131.3±19.6                       134.8±24.2                     0.405
  Diastolic blood pressure, mm Hg                                  69.9±11.2            69.5±12.1            69.8±11.4             70.6±10.3                        69.0±10.5                      0.670
  Hypertension                                                     784 (93.4)           176 (95.1)           331 (93.2)            219 (94.0)                       58 (87.9)                      0.227
  Diabetes mellitus                                                237 (28.2)           62 (33.5)            101 (28.5)            60 (25.8)                        14 (21.2)                      0.182
  Hyperlipidemia                                                   716 (85.3)           150 (81.1)           300 (84.5)            207 (88.8)                       59 (89.4)                      0.110
  Coronary artery disease                                          311 (37.1)           50 (27.0)            138 (38.9)            92 (39.5)                        31 (47.0)                      0.008
  CHF                                                              87 (10.4)            24 (13.0)            33 (9.3)              22 (9.4)                         8 (12.1)                       0.527
  Smoking                                                          39 (4.6)             8 (4.3)              19 (5.4)              9 (3.9)                          3 (4.5)                        0.622
  Cerebrovascular disease                                          138 (16.4)           28 (15.1)            63 (17.7)             34 (14.6)                        13 (19.7)                      0.624
  Peripheral vascular disease                                      57 (6.8)             11 (5.9)             25 (7.0)              20 (8.6)                         1 (1.5)                        0.228
  History of malignancy                                            230 (27.4)           55 (29.7)            105 (29.6)            61 (26.2)                        9 (13.6)                       0.050
  CKD stage (eGFR range)                                                                                                                                                                           0.766
  Stage 3a (45--59 mL/min/1.73 m^2^)                               511 (60.9)           111 (60.0)           221 (62.3)            141 (60.5)                       38 (57.6)                      
  Stage 3b (30--44 mL/min/1.73 m^2^)                               252 (30.0)           56 (30.3)            98 (27.6)             75 (32.2)                        23 (34.8)                      
  Stage 4 (15--29 mL/min/1.73 m^2^)                                76 (9.1)             18 (9.7)             36 (10.1)             17 (7.3)                         5 (7.6)                        
  Proteinuria                                                      112 (27.4)           30 (32.3)            51 (29.1)             25 (22.3)                        6 (20.7)                       0.323
  eGFR, mL/min/1.73 m^2^ [a](#jah33799-note-0003){ref-type="fn"}   46.0±10.4            46.0±10.8            46.2±10.7             45.9±9.7                         45.3±10.7                      0.933
  Hemoglobin, mg/dL                                                12.3±1.9             12.0±2.0             12.3±1.9              12.5±1.7                         12.4±2.0                       0.054
  Albumin, g/dL                                                    4.0±0.49             3.9±0.54             4.0±0.53              4.1±0.39                         4.0±0.33                       0.003
  Calcium, mg/dL                                                   9.4±0.59             9.3±0.65             9.4±0.59              9.5±0.56                         9.4±0.51                       
  Alkaline phosphatase, U/L                                        80.0 (65.0--101.0)   80.0 (67.0--100.0)   78.5 (64.0--101.0)    80.0 (65.0--101.0)               82.0 (65.0--100.0)             0.944[a](#jah33799-note-0003){ref-type="fn"}
  β‐Blocker                                                        533 (63.5)           110 (59.5)           232 (65.4)            149 (63.9)                       42 (63.6)                      0.604
  ACEI/ARB                                                         617 (73.5)           133 (71.9)           263 (74.1)            176 (75.5)                       45 (68.2)                      0.623
  Diuretic                                                         655 (78.1)           154 (83.2)           278 (78.3)            174 (74.7)                       49 (74.2)                      0.169
  Statin                                                           576 (68.7)           118 (63.8)           242 (68.2)            166 (71.2)                       50 (75.8)                      0.226
  Vasodilator                                                      222 (26.5)           50 (27.0)            96 (27.0)             53 (22.7)                        23 (34.8)                      0.248
  Phosphate binder                                                 24 (2.9)             7 (3.8)              8 (2.3)               6 (2.6)                          3 (4.5)                        0.619

Summary statistics are mean±SD, median (interquartile range), or n (%). CHF refers to history of previous hospitalizations deemed to be secondary to CHF. Continuous variables were compared using ANOVA for normally distributed variables and the Kruskal--Wallis test for nonnormally distributed variables, and categorical variables were compared using the Pearson χ^2^ test. Missing: body mass index, n=23; blood pressure, n=23; proteinuria, n=430; hemoglobin, n=126; albumin, n=114; calcium, n=6; alkaline phosphatase, n=116. ACEI indicates angiotensin‐converting enzyme inhibitor; ARB, angiotensin receptor blocker; AS, aortic stenosis; CHF, congestive heart failure; CKD, chronic kidney disease; eGFR, glomerular filtration rate (calculated using the Chronic Kidney Disease Epidemiology Collaboration equation).

Nonnormally distributed variable.

###### 

Baseline Echocardiographic Characteristics of the Study Population

  Echocardiography Findings       Overall (N=839)   Mild AS (n=185)   Moderate AS (n=355)   Severe Asymptomatic AS (n=233)   Severe Symptomatic AS (n=66)   *P* Value
  ------------------------------- ----------------- ----------------- --------------------- -------------------------------- ------------------------------ -----------
  AVA                             1.2±0.42          1.8±0.30          1.3±0.14              0.82±0.15                        0.79±0.16                      \<0.001
  Peak aortic jet velocity, m/s   3.0±0.82          2.4±0.36          2.7±0.47              3.7±0.76                         3.9±0.78                       \<0.001
  Mean gradient, mm Hg            21.7±13.6         11.8±3.7          16.7±6.7              32.6±13.8                        37.0±17.5                      \<0.001
  RVSP, mm Hg                     36.4±11.7         36.2±12.3         35.4±11.8             37.4±10.5                        38.6±13.3                      0.125
  \<35 mm Hg                      373 (51.4)        81 (51.3)         181 (57.6)            89 (44.9)                        22 (40.0)                      
  35--44 mm Hg                    221 (30.5)        47 (29.7)         83 (26.4)             68 (34.3)                        23 (41.8)                      
  45--59 mm Hg                    96 (13.2)         24 (15.2)         36 (11.5)             32 (16.2)                        4 (7.3)                        
  ≥60 mm Hg                       35 (4.8)          6 (3.8)           14 (4.5)              9 (4.5)                          6 (10.9)                       
  Indexed LVEDD, cm/m^2^          2.3±0.34          2.3±0.35          2.3±0.34              2.3±0.33                         2.3±0.33                       0.757
  Indexed LVESD, cm/m^2^          1.4±0.33          1.4±0.33          1.4±0.32              1.4±0.34                         1.5±0.33                       0.554
  Indexed LA dimension, cm/m^2^   2.2±0.41          2.2±0.42          2.2±0.39              2.3±0.42                         2.3±0.42                       0.006
  Indexed LV mass, mg/m^2^        112.0±32.6        112.4±39.0        108.2±29.3            114.8±32.6                       121.1±27.7                     0.015
  Relative wall thickness         0.58±0.15         0.56±0.15         0.57±0.13             0.60±0.15                        0.63±0.19                      0.001
  LVOT diameter, cm               2.0±0.13          2.1±0.14          2.0±0.13              2.0±0.11                         2.0±0.12                       \<0.001
  LVOT velocity, m/s              0.80±3.6          1.1±5.5           0.81±3.9              0.60±0.38                        0.60±0.24                      0.552
  LVEF, %                         59.0±5.4          59.8±5.6          58.6±5.3              58.9±5.3                         59.1±6.4                       0.113
  LV diastolic function                                                                                                                                     0.144
  Normal                          52 (7.9)          21 (14.1)         18 (6.6)              9 (4.7)                          4 (8.2)                        
  Stage 1                         517 (78.2)        109 (73.2)        215 (78.8)            152 (80.0)                       41 (83.7)                      
  Stage 2                         87 (13.2)         18 (12.1)         37 (13.6)             28 (14.7)                        4 (8.2)                        
  Stage 3                         5 (0.76)          1 (0.67)          3 (1.1)               1 (0.53)                         0 (0.0)                        

Summary statistics are mean±SD or n (%). Continuous variables were compared using ANOVA, and categorical variables were compared using the Pearson χ^2^ test. AS indicates aortic stenosis; AVA, aortic valve area; LA, left atrial; LV, left ventricular; LVEDD, left ventricular end‐diastolic diameter; LVEF, left ventricular ejection fraction; LVESD, left ventricular end‐systolic diameter; LVOT, left ventricular outflow tract; RVSP, right ventricular systolic pressure.

Survival Compared With Matched Controls With CKD in the Absence of AS {#jah33799-sec-0017}
---------------------------------------------------------------------

We were able to propensity match all CKD patients with AS to patients with CKD but no AS. Standardized differences of the variables included in the match (age, sex, race, ejection fraction, and eGFR) were \<10% after matching and were \<10% for each year of testing except 2011, for which it was 11%. Patients with CKD and AS had higher cardiac and all‐cause mortality compared with matched controls with CKD and no AS. Survival rates at 1, 3, and 5 years in patients with CKD and AS were 86.2%, 67.7%, and 51.3%, respectively. Propensity‐score matched controls with CKD but no AS had survival rates of 90.5%, 74.8%, and 63.0% at 1, 3, and 5 years, respectively. Cardiovascular survival rates for patients with AS were 95.5%, 85.1%, and 74.4% at 1, 3, and 5 years, respectively, and 97.0%, 91.5%, and 85.2% for those with no AS (Figure [2](#jah33799-fig-0002){ref-type="fig"}).

![Kaplan--Meier survival curves of patients with CKD and AS compared with a matched control population of patients with CKD without AS. Cases and controls were propensity matched on age, sex, race, estimated glomerular filtration rate, ejection fraction, and year of echocardiogram. AS indicates aortic stenosis; CKD, chronic kidney disease.](JAH3-8-e009980-g002){#jah33799-fig-0002}

Survival Among Patients With AS and CKD {#jah33799-sec-0018}
---------------------------------------

At 4.0.3±2.3 years of follow‐up, there were 454 (54%) deaths, 203 (45%) of which were noted secondary to cardiovascular causes. There were 156 (19%) patients who underwent SAVR (96%) or TAVR (4%) during follow‐up. Primary indications for AVR were symptoms in 127 (81%), critical AS without symptoms in 16 (10%), concurrent coronary artery bypass grafting in 7 (4%), and rapid progression with severe calcification in 6 (4%). Among patients with CKD and severe symptomatic AS (n=66), 53% did not undergo AVR during follow‐up. Of 156 patients who underwent AVR on follow‐up, information on follow‐up eGFR between 1 and 12 months after AVR was available for 100 patients. Of those, 61 of 100 (61%) had some increase in eGFR after AVR. The median change in eGFR on follow‐up after AVR was an increase of 1.5 mL/min per 1.73 m^2^ per month (interquartile range: −1.6 to 5.1). The median percentage change in eGFR per month was an increase of 2.8% (interquartile range \[P25\]: −3.1% to 10.2%) compared with pre‐AVR eGFR values. Figure [3](#jah33799-fig-0003){ref-type="fig"} shows the cumulative incidence of cardiovascular and other‐cause mortality as competing risks for all stages of AS. Figure [S1](#jah33799-sup-0001){ref-type="supplementary-material"} shows Kaplan--Meier survival curves for all‐cause mortality for all stages of AS. The unadjusted cumulative incidence of other‐cause and cardiac mortality, respectively, for patients with mild AS and CKD was 13% and 3% at 1 year, 23% and 9% at 3 years, and 35% and 15% at 5 years of follow‐up. Patients with CKD and mild or moderate AS had greater competing risks of noncardiac mortality than cardiac mortality, and long‐term mortality estimates were similar for patients with mild or moderate AS and CKD. Patients with severe AS had similar risks of cardiac and noncardiac mortality on follow‐up. Noncardiac and cardiac mortality, respectively, for patients with severe asymptomatic AS was 11% and 11% at 1 year, 20% and 27% at 3 years, and 26% and 37% at 5 years. Noncardiac and cardiac mortality, respectively, for patients with severe AS with symptoms was 25% and 13% at 1 year, 35% and 34% at 3 years, and 38% and 38% at 5 years.

![Cumulative incidence of cardiovascular (CV) and noncardiovascular mortality as competing risks in patients with aortic stenosis and concomitant chronic kidney disease based on severity of aortic stenosis.](JAH3-8-e009980-g003){#jah33799-fig-0003}

On Cox multivariable analysis, age (hazard ratio \[HR\] per 10‐year increase: 1.35; 95% CI, 1.18--1.56), lower eGFR (HR per 10 mL/min per 1.73 m^2^: 1.18; 95% CI, 1.08--1.29), diabetes mellitus (HR: 1.28; 95% CI, 1.02--1.62), ejection fraction (HR per 5% lower: 1.15; 95% CI, 1.04--1.26), and higher RVSP (HR per 10‐mm Hg increase: 1.17; 95% CI, 1.07--1.28) were associated with greater risk of death, whereas AVR (time‐dependent covariate HR: 0.63; 95% CI, 0.45--0.88), higher albumin (HR per 1‐mg/dL increase: 0.77; 955 CI, 0.60--0.98), and hemoglobin (HR per 1‐mg/dL increase: 0.94; 95% CI, 0.88--0.996) were associated with lower risk of death (Table [3](#jah33799-tbl-0003){ref-type="table"}).

###### 

Predictors of All‐Cause Mortality in Patients With Concomitant AS and CKD

                                              HR (95% CI)          *P* Value
  ------------------------------------------- -------------------- -----------
  Age per 10‐y increase                       1.35 (1.18--1.55)    \<0.0001
  eGFR per 10‐mL/min/1.73 m^2^ decrease       1.18 (1.08--1.29)    \<0.001
  Diabetes mellitus                           1.28 (1.02--1.62)    0.037
  Malignancy                                  1.43 (1.15--1.77)    0.001
  Hemoglobin per 1‐mg/dL increase             0.94 (0.88--0.996)   0.039
  Calcium per 1‐mg/dL increase                0.84 (0.68--1.02)    0.084
  Log alkaline phosphatase per 1‐U increase   1.16 (0.89--1.50)    0.271
  AVA per 0.1‐cm^2^ lower                     1.03 (0.996--1.05)   0.087
  Presence of symptoms                        1.30 (1.02--1.66)    0.035
  RVSP per 10‐mm/Hg increase                  1.17 (1.07--1.28)    \<0.001
  LVEF per 5% decrease                        1.15 (1.04--1.26)    0.005
  Indexed LA diameter, cm/m^2^                1.32 (0.98--1.78)    0.068
  AVR/TAVR (time‐dependent)                   0.63 (0.45--0.88)    0.006

Parameter estimates were derived using Cox proportional hazards models. *P* values obtained using *MI analyze* on 5 imputed data sets. The Cox model also adjusted for sex, race, body mass index, smoking, hypertension, hyperlipidemia, coronary artery disease, CHF, cerebrovascular disease, peripheral vascular disease, angiotensin‐converting enzyme inhibitor/angiotensin receptor blocker, β‐blocker, diuretic, vasodilator, serum albumin, serum alkaline phosphatase, indexed LVEDD, indexed LV mass, and degree of diastolic dysfunction. ACEI indicates angiotensin‐converting enzyme inhibitor; ARB, angiotensin receptor blocker; AS, aortic stenosis; AVA, aortic valve area; AVR, aortic valve replacement; CHF, congestive heart failure; CKD, chronic kidney disease; eGFR, glomerular filtration rate (calculated using the Chronic Kidney Disease Epidemiology Collaboration equation); HR, hazard ratio; LA, left atrial; LV, left ventricular; LVEDD, left ventricular end‐diastolic diameter; LVEF, left ventricular ejection fraction; RVSP, right ventricular systolic pressure; TAVR, transcatheter aortic valve replacement.

On competing‐risks multivariable analysis of cardiovascular mortality, age (subdistribution HR per 10‐year increase: 1.35; 95% CI, 1.08--1.69\], AVA (subdistribution HR per 1‐cm^2^ decrease: 2.22; 95% CI, 1.31--3.7), and LV mass (subdistribution HR per 1‐g/m^2^ increase: 1.01; 95% CI, 1.001--1.01) were associated with higher risks for cardiovascular death. The eGFR was not a significant independent predictor of cardiac mortality in patients with AS on competing‐risks regression (*P*=0.129; Table [4](#jah33799-tbl-0004){ref-type="table"}).

###### 

Independent Predictors of Cardiac Mortality in Patients With AS and CKD

                                               sHR (95% CI)         *P* Value
  -------------------------------------------- -------------------- -----------
  Age per 10‐y increase                        1.35 (1.08--1.69)    0.008
  Male vs female sex                           0.89 (0.61--1.28)    0.526
  Black vs white race                          0.98 (0.55--1.73)    0.935
  Body mass index, kg/m^2^                                          
  \<25                                         Ref                  
  25--29.9                                     0.64 (0.42--0.97)    0.036
  ≥30                                          0.85 (0.53--1.35)    0.496
  eGFR per 10 mL/min/1.73 m^2^ lower           1.12 (0.97--1.30)    0.129
  Diabetes mellitus                            1.04 (0.71--1.51)    0.855
  Coronary artery disease                      1.23 (0.87--1.74)    0.249
  Hypertension                                 0.69 (0.37--1.30)    0.252
  Hemoglobin per 1‐mg/dL increase              1.00 (0.91--1.10)    0.990
  Calcium per 1‐mg/dL increase                 0.97 (0.73--1.30)    0.853
  Log(alkaline phosphatase) per 1‐U increase   1.38 (0.96--1.98)    0.084
  AVA per 0.1‐cm^2^ lower                      1.08 (1.03--1.14)    0.003
  RVSP per 10‐mm/Hg increase                   1.11 (0.96--1.29)    0.169
  LVEF per 5% lower                            1.14 (0.97--1.33)    0.108
  Indexed LVEDD                                1.15 (0.65--2.06)    0.630
  Indexed LV mass                              1.01 (1.001--1.01)   0.018
  Indexed LA size                              1.40 (0.89--2.20)    0.143
  Degree of diastolic dysfunction                                   
  Normal                                       Ref                  
  Abnormal relaxation                          0.97 (0.46--2.01)    0.924
  Stage 2 or 3                                 1.08 (0.48--2.43)    0.856
  Presence of symptoms                         1.36 (0.92--2.00)    0.124

Parameter estimates for sHRs for cardiac mortality derived using competing‐risks regression models for cardiac mortality censored at SAVR or TAVR. *P* values obtained using *MI analyze* on 5 imputed data sets. AS indicates aortic stenosis; AVA, aortic valve area; CKD, chronic kidney disease; eGFR, glomerular filtration rate (calculated using the Chronic Kidney Disease Epidemiology Collaboration equation); LA, left atrial; LV, left ventricular; LVEDD, left ventricular end‐diastolic diameter; LVEF, left ventricular ejection fraction; Ref, reference; RVSP, right ventricular systolic pressure; SAVR, surgical aortic valve replacement; sHR, subdistribution hazard ratio; TAVR, transcatheter aortic valve replacement.

Discussion {#jah33799-sec-0019}
==========

CKD affects up to 16 million US adults.[7](#jah33799-bib-0007){ref-type="ref"} It is associated with increased prevalence of other cardiovascular risk factors as well as noncardiac morbidities,[32](#jah33799-bib-0032){ref-type="ref"} and patients with CKD have significantly greater cardiovascular and all‐cause mortality[8](#jah33799-bib-0008){ref-type="ref"}, [32](#jah33799-bib-0032){ref-type="ref"} compared with patients with normal renal function. Our study provides important insights in the natural history of patients with AS and comorbid CKD. We examined long‐term outcomes in a cohort of 839 patients with AS and CKD and found that presence of AS was associated with \>50% mortality at a mean follow‐up of 4 years. Cardiovascular deaths account for half of these deaths, significantly higher than in a matched population of CKD patients without AS. Although patients with mild and moderate AS and CKD had a higher competing risk of noncardiac mortality, patients with severe AS and CKD had a greater risk of cardiac mortality with time. In patients with AS and CKD, kidney function was associated with a greater risk of all‐cause mortality, with 18% higher hazard of death with every 10‐mL/min per 1.73 m^2^ decrease in eGFR, but was not independently associated with cardiac cause of death.

In patients without CKD, mild to moderate AS is associated with 75% event‐free survival at 2 years and 60% to 65% event‐free survival at 5 years.[12](#jah33799-bib-0012){ref-type="ref"}, [33](#jah33799-bib-0033){ref-type="ref"} Patients with asymptomatic severe AS in the absence of CKD have event‐free survival of 57% to 67% at 2 years and 33% at 5 years.[20](#jah33799-bib-0020){ref-type="ref"}, [34](#jah33799-bib-0034){ref-type="ref"} Notably, these studies included symptoms,[20](#jah33799-bib-0020){ref-type="ref"} AVR,[12](#jah33799-bib-0012){ref-type="ref"}, [20](#jah33799-bib-0020){ref-type="ref"}, [33](#jah33799-bib-0033){ref-type="ref"} and other cardiac events such as MI, stroke, and congestive heart failure[33](#jah33799-bib-0033){ref-type="ref"} in addition to death as outcomes, whereas our study focuses only on hard end points of cardiovascular and all‐cause mortality. CKD has been identified as an independent predictor of mortality in patients with severe asymptomatic AS in a study of 622 asymptomatic patients; however, only 4% of these patients had renal dysfunction.[20](#jah33799-bib-0020){ref-type="ref"} Samad et al recently published more contemporary data showing significantly worse 5‐year survival in patients with AS and CKD compared with those with AS without CKD, but cardiac and other‐cause mortality were not differentiated.[17](#jah33799-bib-0017){ref-type="ref"} In addition, these studies[17](#jah33799-bib-0017){ref-type="ref"}, [20](#jah33799-bib-0020){ref-type="ref"} defined CKD with a single cross‐sectional eGFR measurement and not 2 measurements separated by ≥3 months, as clinically recommended by CKD guidelines,[29](#jah33799-bib-0029){ref-type="ref"} which yields a more accurate assessment of reduced renal function. Our study extends the findings of Samad et al by reporting similar estimates of long‐term survival in patients with AS and CKD, and we report the contribution of cardiac and noncardiac causes toward mortality in this population. Although mild and moderate AS and CKD are associated with increased mortality on follow‐up, mortality is predominantly noncardiac and might not be secondary to AS. Presence of severe AS and CKD was associated with \>50% mortality at 3 and 5 years, at least half cardiac in nature. Patients with severe symptomatic AS in the absence of AVR have 43% and 36% survival at 3 and 5 years, respectively, in the absence of AVR.[35](#jah33799-bib-0035){ref-type="ref"} High surgical risk and poor long‐term outcomes after AVR in patients with CKD are common reasons why these patients are not offered AVR. In our cohort, half of patients with symptomatic severe AS and CKD did not receive AVR, possibly because of increased surgical risk, and patients with symptomatic severe AS and CKD had significantly lower survival. However, AVR was also associated with improved survival in our cohort. Moreover, of people undergoing AVR, 60% had some improvement in their eGFR within 1 year after AVR. Although most people undergoing AVR in our cohort underwent surgical AVR, these estimates are higher than those reported in inoperable and high‐risk patients from the PARTNER 1 (Placement of Aortic Transcatheter Valve Trial) trial, in which 42% of 821 patients with reduced eGFR at baseline had improvement in eGFR after TAVR.[36](#jah33799-bib-0036){ref-type="ref"} This suggests that in many patients with AS and CKD, decreased renal perfusion from a low‐output state caused by severe AS may contribute to worsening kidney function that may improve once AS is resolved after AVR.

Our study also identifies factors associated with greater cardiac and all‐cause mortality in patients with AS and CKD. Most important, we found that each 10‐mL/min per 1.73 m^2^ decrease in eGFR in patients with CKD and AS was associated with a 18% increase in the risk of all‐cause death; however, decreased eGFR was not associated with increased risk of cardiac death in a competing‐risks analysis. Each 0.1‐cm^2^ decrease in AVA was associated with an 8% increase in risk of cardiac death. Pulmonary hypertension is a known risk factor for poor outcomes in patients with AS in the absence of valve replacement and after SAVR and TAVR.[37](#jah33799-bib-0037){ref-type="ref"}, [38](#jah33799-bib-0038){ref-type="ref"}, [39](#jah33799-bib-0039){ref-type="ref"}, [40](#jah33799-bib-0040){ref-type="ref"} Pulmonary hypertension is also very prevalent in patients with CKD without valvular disease and is independently associated with poor long‐term outcomes.[41](#jah33799-bib-0041){ref-type="ref"}, [42](#jah33799-bib-0042){ref-type="ref"} In our study cohort, almost half of all patients with AS and CKD had elevated pulmonary pressures (\>35 mm Hg) on echocardiogram, and that result was associated with an increase in the risk of all‐cause mortality but not cardiac mortality in these patients. Diabetes mellitus and coronary disease were not independently associated with cardiac mortality, likely because of the possibility that AS (and, more important, AVR) was a much stronger factor associated with survival compared with diabetes mellitus or coronary artery disease. It is likely that patients with critical coronary artery disease were revascularized during AVR. In addition, it might be possible that in patients with advanced CKD, the fact that they tend to be sicker related to CKD might have outweighed the risk of coronary artery disease.

Our study has some important limitations. It is an observational cohort study, which limits any causal interpretation. These data were derived from a single large healthcare system; therefore, the results may not be generalizable to other healthcare systems and CKD populations with or without AS. We included only patients with AS and preserved LVEF because we did not want prior LV dysfunction to confound our outcomes. Consequently, we could not examine outcomes in patients with low‐flow, low‐gradient AS with comorbid CKD. Increased serum phosphorus and tertiary hyperparathyroidism play important roles in coronary and valvular calcification in CKD and have been associated with increased mortality in this population.[9](#jah33799-bib-0009){ref-type="ref"}, [43](#jah33799-bib-0043){ref-type="ref"} Because we did not have serum phosphorus and parathyroid hormone levels for all our patients, we could not adjust for those factors in our mortality analysis. We also could not examine the degree of calcification of the aortic valve and how that would contribute to outcomes, which has been shown to be related to event‐free survival in AS patients in some studies.[12](#jah33799-bib-0012){ref-type="ref"} Data on stroke‐volume index were not uniformly available for all patients and thus was not reported. Our study included patients enrolled from 2005 to 2012, with follow‐up through the end of 2013. Given that adoption of TAVR for higher risk patients such as those with CKD has increased since then, longer, more contemporary follow‐up would potentially increase the number of TAVRs on follow‐up in our cohort, which we were unable to do in the current study. Nevertheless, our study provides important information on the natural history of this high‐risk population of patients with AS and nondialysis CKD, which has not been well studied in the past. Finally, we obtained cause‐specific death data from the Ohio State Death Index files, which provide data to the National Death Index and were not independently verified. However, these death indexes have been considered reliable and used in several prior studies.[44](#jah33799-bib-0044){ref-type="ref"}

In conclusion, patients with AS and concomitant CKD have poor survival compared with patients with CKD or AS alone. Although patients with CKD and mild or moderate AS had a greater proportion of noncardiac deaths on follow‐up, those with severe AS and CKD had similar risks of cardiac and all‐cause death, and both rates were significantly greater than those of patients with CKD or AS alone. Worsening kidney function manifested by eGFR reduction was independently associated with an increase in all‐cause mortality in this high‐risk population. However, we found that AVR was independently associated with improved survival. Our findings support the need for additional studies, including clinical trials among patients with moderate to severe CKD, to help us elucidate optimal clinical follow‐up, testing, and benefits from procedures such as AVR.
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**Table S1.** Patient Characteristics Before and After Propensity Match

**Table S2.** Univariate Predictors of All‐Cause Mortality in Patients With Concomitant Aortic Stenosis and Chronic Kidney Disease

**Figure S1.** Kaplan--Meier survival curves of all‐cause mortality in patients with aortic stenosis and concomitant chronic kidney disease based on severity of aortic stenosis.
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